X-ray absorption spectroscopy (XAS) at the Cu K-edge is an important tool for probing the properties of copper centers in transition metal chemistry and catalysis.
Introduction
identified signatures that can be used to assign the oxidation state, the coordination number and (partly) the coordination geometry and rationalized their results using ligand field theory. Recent spectroscopic studies, 9, 26 partly exploiting the possibilities of HERFD methods, have found additional pre-edge features that are not accounted for by the simple ligand-field picture employed in Ref. 25 , demonstrating the limitations of such models for the interpretation of XAS spectra.
Despite the importance of XAS of copper species for research in catalysis and the reliance of the interpretation of such XAS spectra on the assignments of Ref. 25 , to the best of our knowledge these results have not been substantiated by computations so far. Even though for selected Cu complexes 9, 26, 27 and models of Cu centers in zeolites, 28, 29 XAS spectra have been calculated and compared to experiment, a comprehensive understanding of the dependence of the features observed in Cu K-edge XAS spectra on the oxidation state and coordination geometry is still lacking (for a recent review, see Ref. 30) . To close this gap, we performed a systematic computational study of the Cu K-edge XAS spectra of selected model complexes based on time-dependent density-functional theory (TD-DFT).
The goal of our study is two-fold: First, by exploiting the additional information on the individual molecular orbital transitions contributing to experimentally observed peaks provided by computations we aim at obtaining insights into the connection between the XAS spectra and the electronic structure of the model complexes. This can in turn be used to judge the reliability of previously identified signatures and help to clarify the domain of applicability as well as the limitations of a simplified ligand-field picture. Second, we aim at establishing the accuracy of TD-DFT calculations of XAS spectra for copper species with respect to the signatures commonly used in the interpretation of XAS spectra. This will be valuable for future computational studies combining experiment and theory to unravel copper-catalyzed reaction mechanisms. at the Cu K-edge, an electron is excited from the Cu 1s core orbital. In a molecular orbital (MO) picture, the pre-edge region is due to transitions from the core orbital to well-defined unoccupied MOs (see Fig. 1a ). The ionization edge marks the onset of transitions into unbound continuum states, and the region of XAS spectra past the edge, the extended X-ray absorption fine structure (EXAFS) region, can be interpreted using scattering theory. 31 Here, we will focus on the pre-edge region that provides unique information on the electronic structure by probing the low-lying unoccupied MOs.
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For Cu(I) with a d 10 electron configuration, the lowest lying unoccupied metal orbitals are the 4p orbitals. Thus, one expects the pre-edge of the XAS spectra to be mainly determined by these unoccupied 4p orbitals. For a first analysis of the dependence of the Cu K-edge XAS spectra on the coordination environment, we calculated spectra for a test set of Cu(I) ammine model complexes: linear [Cu I (NH 3 ) 2 ] + (1) with a coordination we note that in the region above the calculated ionization threshold (marked by a vertical line in the plots of the spectra) spurious states can appear that arise from the inability of atom-centered basis functions to describe the quasi-continuum states. 19, 35 Thus, the peaks in this region have to be analyzed carefully to ensure that they correspond to chemically meaningful unoccupied states. To judge the sensitivity of the calculated spectra to the choice of the exchange-correlation functional, spectra calculated with both the pure generalized-gradient approximation (GGA) functional BP86 and the hybrid functional B3LYP are shown. We note that for B3LYP the ionization threshold is shifted to higher energies, which is due to the wrong asymptotic behavior of the pure GGA exchange-correlation potential 36 that is corrected by the admixture of exact exchange in the hybrid functional. Therefore, peaks that are close to or just behind the calculated ionization threshold for BP86 are in fact pre-edge features, as is shown by the B3LYP
calculations.
In the calculated spectra of the Cu(I) model complexes in Fig. 2b , the positions of the most intense pre-edge peak have been marked by circle, triangle, and square, respectively. To further analyze the calculated spectra, Fig. 3 shows the unoccupied molecular orbitals that are responsible for the most intense transitions and highlights the contributions of these transitions to the overall spectra. These can be compared to the ligand field picture employed in Ref. 25 that is illustrated in Fig. 1b . For the linear Cu(I) model complex 1, the 4p x and 4p y orbitals (perpendicular to the bond axis) contribute equally to the intense pre-edge peak at ca. 8983.5 eV. This is consistent with the ligand field picture, in which the 4p z orbital is shifted to higher energies compared to the degenerate 4p x and 4p y orbitals.
Explaining the intensity differences when comparing the transitions to the 4p x and 4p y orbitals with the transition to the 4p z orbital already requires extending the ligand field picture with molecular orbital considerations. While the unoccupied 4p x and 4p y orbitals correspond to empty lone pair orbitals that are pure Cu 4p orbitals, the 4p z orbital will mix with ligand orbitals, i.e., |φ ligand orbitals, respectively. Thus, while the intensity for the transition to the lone pair 4p x orbital is
the mixing the ligand orbitals will decrease the intensity of the transition to the 4p z orbital,
That is, the intensity is determined by the Cu p-orbital contribution a 2 to the relevant unoccupied molecular orbitals. Note that other combinations of the p z orbital with ligand (6) . Vertical bars indicate the individual transitions contributing to the calculated XAS spectra. The unoccupied orbitals responsible for the most relevant transitions are shown on the left, and the contributions of these transitions are highlighted in the calculated spectra shown on the right. orbitals will also be formed (e.g., the corresponding anti-bonding combination in the simple picture employed above) that will acquire intensity, but these molecular orbitals are shifted to higher energies (cf. the peak at ca. 8987.5 eV for 1).
For a coordination number of three in a T-shaped geometry, the additional ligand will lift the degeneracy of the 4p x and 4p y orbitals and shift the 4p y orbital to higher energies.
For a trigonal-planar complex, the 4p x orbital remains the lowest in energy, while the 4p y and 4p z orbitals become degenerate. For the trigonal-planar model complex [Cu
(2), the highest-intensity peak at ca. 8982.5 eV is now due to a transition to only the 4p x orbital, which explains the decreased intensity compared to the linear case. We note that the transitions to the degenerate 4p y and 4p z orbitals can be found at ca. 8984.8 eV in the calculated spectrum. As discussed above, because of mixing with ligand orbitals these have a decrease intensity compared to the transitions to pure Cu 4p orbitals.
Finally, for a tetrahedral ligand field the three 4p orbitals become degenerate. In the calculated spectrum of 3, their largest contribution appears at ca. 8985.5 eV, to which all three 4p orbitals contribute equally. As all three Cu 4p orbitals now mix with ligand orbitals, the 4p contributions are distributed over a number of unoccupied molecular orbitals and the maximum intensity decreases. Therefore, the maximum intensity for 3 comparable to the one found for 2, even though the 4p x orbital now also contributes.
Thus, the dependence of the pre-edge regions in the calculated XAS spectra of our series of Cu(I) model complexes on the coordination geometry can be qualitatively explained by a simple ligand field picture. However, we note that the calculated spectra show additional features, such as the shoulders at ca. 8985 eV and ca. 8984 eV for coordination number two and three, respectively, and the weak peak at ca. 8981 eV for coordination number four, are not accounted for in this ligand field picture. These will require a more elaborate molecular orbital picture that will be considered below in Section 2.3.
Next, we consider the Cu K-edge XAS spectra of Cu(II) complexes. Here, the electron configuration is d 9 , i.e., there is an additional singly unuccupied 3d orbital below the empty Cu 4p orbitals (cf. Fig. 1a) . Therefore, an additional pre-edge peak at lower energies arising from the 1s → 3d transition is expected. However, this transition is usually dipole-forbidden and only a very weak quadrupole transition can be observed.
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For a first assessment of the effect of the Cu oxidation state on the pre-edge XAS spectra, the above series has been extended to Cu(II) model complexes. Fig. 2a ). The calculated spectra are included in the lower panels of Fig. 2b .
The expected 1s → 3d pre-edge peak appears at ca. 8980-8981 eV in the BP86/QZ4P
calculations and at ca. 8977-8978 eV in the B3LYP/QZ4P calculations. In the experimental spectra of Ref. 25 , this pre-edge peak was found at ca. 8979 eV. As discussed above, this slight mismatch is due to the well-known limitations of TD-DFT. The intensity of this additional Cu(II) pre-edge peak is the largest for the T-shaped complex 5, and is significantly smaller for the four-coordinated complex 6, while it is hardly visible on the scale of the figure for the linear complex 4. In the lowest panel of Fig. 3 , the unoccupied 3d orbital responsible for this pre-edge peak is shown and it contribution to the spectrum is highlighted.
In the calculated spectra of the model complexes 4 -6, the transitions into the unoccupied 
Calculated XAS spectra for a diverse test set of copper complexes
In the previous section, we illustrated the dependence of the pre-edge in Cu K-edge XAS spectra on oxidation state and coordination environment for a series of model complexes that is not experimentally accessible. As a next step, we extend our study to a diverse test 
. 38 The picoline ligand in these complexes was chosen because it is similar to the pyrazole-derived ligands in A and B in terms of the coordination via the nitrogen atom of a heterocycle, but it has different electronic properties, in particular a lower energy of the lowest unoccupied MO (LUMO).
The second group (E -H) is composed of three Cu(I) complexes with a coordination number of three, which were selected from those considered in Ref.
is a dinuclear Cu(I) complex with two copper centers, also with a T-shaped coordination
This fourth complex is included to draw the comparison to the linear complexes C and D and to also include a complex with a trigonal-planar coordination geometry. The XAS spectra calculated for these four groups of Cu complexes using BP86/QZ4P are shown in Fig. 5 , and the spectra calculated with B3LYP/QZ4P are shown in complexes, a weak pre-edge peak appears below 8982 eV. Overall, the spectra calculated with BP86 and B3LYP provide a consistent picture of these general features.
For a more detailed comparison of calculated and experimental spectra, we consider the main pre-edge peak of the Cu(I) complexes. The position and maximum intensity of this peak in the experimental spectra of different Cu(I) complexes are compared in Fig. 2 of Ref. 25 . We identify this peak with the first intense pre-edge peak in the calculated spectra. In Fig. 5 and Fig. 6 , the maximum of the corresponding peak is indicated with a circle, triangle, and square in the calculated spectra of the Cu(I) complexes with coordination number two, three, and four, respectively. In some ambiguous cases, the assignment of the peak in the calculated spectra that corresponds to the main pre-edge maximum was further guided by the MO analysis of the contributing transitions (see Section 2.3 below). We note that while in the BP86/QZ4P calculation, this peak appears close to the calculated ionization edge for the complexes with coordination numbers two and three and ca. 2-4 eV behind the calculation edge for the complexes with coordination number four, they appear before or close to the ionization edge in the B3LYP/QZ4P
calculations. In combination with the MO analysis (see Section 2.3 below), we can confirm that in both cases these peaks are not due to spurious quasi-continuum states.
The positions and maximum intensities of these main pre-edge calculated with both BP86/QZ4P and B3LYP/QZ4P are summarized in We note that the comparison of the positions and normalized intensities of the pre-edge peak maxima is prone to several inaccuracies both in the extraction of the peak maxima from the calculated spectra and due to the limited availability of the original experimental data of Ref. 25 . The position and height of the calculated peak maxima depends on the amount of empirical peak broadening used when plotting the spectra, especially in cases where several transitions contribute to the main pre-edge peak. Directly comparing calculated and experimental peak intensities generally requires a subtraction of the rising edge as well as a deconvolution for the experimental spectra. In light of these limitations, the agreement between our computations and the available experimental data can be considered satisfactory. The largest deviations of up to ca. 1.5 eV occur for the peak positions of F and K, where the relevant pre-edge region is rather flat. In all other cases, the differences between experimental and calculated peak positions are below 0.4 eV. For the maximum intensities, the calculations slightly underestimate those of the Cu(I) complexes with coordination number three, while it is slightly overestimated for coordination number four. Overall, the agreement between experiment and computations is similar for BP86 and for B3LYP.
While the calculated spectra agree with the experimental spectra with respect to the general features and the positions and intensities of the first pre-edge peak in the calculated Cu(I) spectra are in good agreement with the available experimental data, a closer comparison of the calculated XAS spectra within the different groups of complexes shows some changes between complexes with the same oxidation state and coordination environment.
The positions of the intense peaks vary among similar complexes and for some complexes, additional shoulders or weak peaks appear in the low-energy region of the spectra. These variations will be analyzed in more detail below.
We note that while in general BP86 and B3LYP provide qualitatively similar spectra, in several cases the energy splitting between peaks differ. For instance, the weak peak at ca. 8981 eV in complexes C and D for BP86 appears as a shoulder at ca. 8981 eV in the B3LYP calculations. Such a pronounced dependence of the energy splittings between peaks is due to the well-know limitations of TD-DFT in describing the energies of charge-transfer excitations 18,41 that could be overcome for the specific systems by employing range-separated hybrid functionals 42, 43 or by carefully tuning the exact exchange admixture. 41 However, even though the exact position of these peaks might be unclear, an analysis of the underlying molecular orbital transitions is still possible. 18 In the following, we will employ the spectra calculated with BP86 for a more detailed analysis.
MO analysis of the calculated XAS spectra for copper(I) complexes
We now turn to a more detailed analysis of the calculated XAS spectra, particularly of the variations within the groups of complexes with the same oxidation state and similar coordination environments (cf. Fig. 5 ). This will allow us to identify to what extent the features identified in Section 2.1 for our series of copper ammine model complexes and the ligand field picture that was employed to explain them are still valid for realistic, experimentally accessible Cu complexes. Furthermore, we aim at identifying additional mechanisms that influence the electronic structure of Cu complexes that can possibly be probed in XAS experiments.
First, we consider the Cu(I) model complexes A -D with coordination number two in a linear coordination environment (cf. Fig. 5a ). The calculated spectra of the two pyrazole Cu(I) complexes A and B are almost identical and agree with the one of the linear model complex [Cu I (NH 3 ) 2 ] + (1), but the intense peak at ca. 8983 eV is broader than for the ammine model complex. For the picoline Cu(I) complexes C and D, this intense peak is shifted to slightly higher energies and an additional weak peak appears at ca. 8981 eV.
In Fig. 8 , the calculated spectra are decomposed into the contributions of different types of unoccupied orbitals. Because the unoccupied Cu orbitals mix with unoccupied ligand orbitals, the Cu 4p x and Cu 4p y orbitals identified as responsible for the intense pre-edge peak now contribute to several unoccupied molecular orbitals. The XAS intensity due to unoccupied MOs dominated by the Cu 4p x orbital is highlighted in red in the figure, whereas the XAS intensity due to unoccupied MOs dominated by Cu p y is highlighted in blue. Isosurface plots of the most important of those MOs are also shown. The main contribution to this pre-edge peak is for all complexes a transition from the core orbital to an unoccupied orbital that is dominated by the Cu 4p x orbital. Isosurface plots of these orbitals are included in Fig. 10 . For the dinuclear Cu complex G, this 4p x peak is slightly broadened due to the interaction of the unoccupied 4p x orbitals at the two copper centers. In addition, a very weak pre-edge peak at ca. 8980 eV appears for complex G. The analysis of the corresponding unoccupied orbitals shows that this peak is due to mixing of the occupied 3d orbitals with the low-lying unoccupied ligand orbitals.
The transition into these orbitals acquires a small intensity due to p-d mixing. These orbital interactions are illustrated schematically in Fig. 9c .
For the trigonal-planar Cu(I) complex with picoline ligands H, the interaction of the lowlying ligand LUMO and the unoccupied Cu 4p x orbital leads to a weak MLCT pre-edge peak at ca. 8981 eV. The mechanism responsible for this interaction is identical to the one discussed for the linear Cu(I) picoline complexes above (cf. Fig. 9b ). Finally, consider the Cu(I) complexes with coordination number four I -L (see Fig. 5c ).
For all four complexes, the intensity in the region below 8985 eV decreases compared to those with coordination numbers two and three, and for all four complexes the highestintensity peak appears at ca. 8985-8987 eV. This is consistent with the results for [Cu
A comparison of the spectra of I -L highlighting the contribution of the most relevant unoccupied MOs is shown in Fig. 11 . For all four complexes, the unoccupied Cu 4p x , 4p y , and 4p z contribute equally to the most intense peaks, which agrees with the ligand field picture discussed previously. For K and L, the Cu 4p orbitals contribute to a large number of unoccupied orbitals in the regions between 8983 eV and 8989 eV and it becomes impossible to clearly distinguish the different 4p x,y,z contributions.
Additional features can be identified for all four complexes. For I, K and L, a weak preedge peak appears at ca. 8980 eV. This peak is due to mixing of the occupied 3d orbitals and unoccupied ligand orbitals, as discussed above for G, i.e., it arises according to the mechanism illustrated in Fig. 9c . This assignment is supported by the observation that 18 %, 19 % and 29 % of the intensity of this peak are due to quadrupole contributions for I, K and L, respectively.
For J, an additional shoulder appears at 8982-8984 eV. This is caused by the lowest-lying unoccupied orbitals of the sulfur ligands, which acquire intensity by admixture of Cu 4p orbitals, i.e., this shoulder is due to MLCT excitations arising due to nonsymmetric mixing of Cu 4p orbitals and low-lying ligand orbitals as illustrated in Fig. 9b . We note that such a MLCT peak is also observed for the model complex 3 (see Fig. 3 ), where it is caused by the low-lying symmetric combination of the unoccupied NH 3 3s orbitals.
Overall, the main features of the calculated Cu K-edge XAS spectra of the considered Cu(I) complexes with different coordination environments are explained by the simple 
MO analysis of the calculated XAS spectra for copper(II) complexes
For the Cu(II) complexes M-Q, the calculated pre-edge XAS spectra are shown in Fig. 5d .
As expected, for all Cu(II) complexes, a typical weak pre-edge peak appears at ca. 8979.5-8981 eV, which can be assigned to transitions into the singly unoccupied Cu 3d orbital.
The remaining pre-edge transitions appear above 8984-8985 eV and can, as for the Cu(I) complexes, be assigned to transitions into unoccupied Cu 4p orbitals. The calculated spectra of M-Q are compared in Fig. 12 , which also includes an analysis of the main contributions (Cu 3d vs. Cu 4p) to the individual transitions.
In all five cases, the weak pre-edge peak at ca. 8979.5-8981 eV is due to the transition into a singly unoccupied orbital. Isosurface plots of this orbital are included in Fig. 12 .
It can be clearly seen that these orbitals are a combination of a Cu 3d orbital with ligand orbitals. The comparison of this peak for the different Cu(II) complexes shows that its intensity varies. The most intense pre-peak is found for O, in which the Cu center is has a coordination number of four and features pseudo-tetrahedral coordination geometry, while weaker pre-peaks are found for the remaining Cu(II) complexes. 3.7 · 10
3.8 · 10 10 % total intensity of the peak are mainly due to the variations in the dipole intensity. This dipole intensity is caused by the (small) admixture of Cu 4p contributions into the singly unoccupied Cu 3d orbital (cf. Fig. 9d ). These differences in the dipole intensity can be directly related to the coordination geometry and the local symmetry at the Cu center. This is also the case for an axially distorted octahedral coordination geometry (local C 4h symmetry). The two Cu centers in N feature such a coordination geometry. However, as the two axial ligands differ, the local D 4h symmetry is slightly distorted towards C 4h , which allows for the admixture of a small p contribution into the singly unoccupied Cu 3d orbital. Therefore, the dipole intensity increases, but only amounts to ca. 3% of the total intensity, i.e., the total pre-peak intensity is still determined by the quadrupole contribution.
In P and Q, the Cu centers are in distorted square-planar and a distorted octahedral coordination geometry, respectively, and in both cases the local symmetry is thus lowered to D 2d . This allows for the mixing of Cu 3d and 4p orbitals, which now both belong to the b 2 and e irreducible representation. Consequently, the pre-edge peak in P acquires 18 % dipole intensity and the pre-edge peak in Q gains 10 % dipole intensity. Still, for both complexes the total intensity of the pre-edge peak is still determined by the quadrupole contribution, which is slightly lower than for M and N. With an increased distortion towards a tetrahedral coordination environment in O, the p-d mixing is increased and the dipole intensity further increases, now amounting to 79 % of the total intensity. The is reflected in an increase of the total intensity of the 1s → 3d pre-edge peak by a factor of five compared to the other Cu(II) complexes.
Expect for the weak pre-edge peak discussed so far, the remaining features in the calculated XAS spectra of the Cu(II) complexes M -Q are due to transitions into Cu 4p orbitals (cf. Fig. 12 ). For the Cu(II) complexes M, N, O, and P, this intense pre-edge transition appears at ca. 8985-8986 eV and its intensity is comparable to the one of the corresponding pre-edge transitions in the four-coordinated Cu(I) complexes. This is in agreement with the experimental spectra of Ref. 25 , in which the first pre-edge peak is found at ca. 8986 eV. For M and N, this peak is broadened via symmetric mixing with unoccupied ligand orbitals (cf. Fig. 9a ). For the (distorted) square-planar complexes M and P, the calculated spectra show the first intense peak at a slightly lower energy (ca. 8985 eV), and for P its intensity is increase compared to the other complexes. This is consistent with the ligand-field picture discussed in Section 2.1, as the unoccupied lone-pair 4p orbital perpendicular to the ligand plane will provide a higher intensity.
Furthermore, for complex P, the non-symmetric mixing of the low-lying unoccupied orbitals of the sulfur with the Cu 4p orbitals (cf. Altogether, all features of the experimental Cu(II) pre-edge spectra that are identified and discussed in Ref. 25 (i.e., the intensity of the weak 1s → 3d pre-edge peak, the intensity of the tails between 8983 eV and 8985 eV, and the dependence of the position of the first intense pre-edge peak on the type of ligand) are correctly reproduced by our calculations for complexes M -Q. We note that the first intense pre-edge peaks in the K-edge XAS First, Cu(II) complexes show a characteristic weak pre-edge peak that is due to the (dipole-forbidden) transition into the singly occupied Cu 3d orbital. Its intensity is determined by the admixture of p-orbital contributions. Therefore, it is sensitive to the local symmetry at the Cu center and increases when going from a square-planar to a pseudo-tetrahedral coordination geometry. The additional pre-edge features arising from these three mechanisms can provide detailed insights into the identity and the electronic structure of the ligands. MLCT peaks have recently been observed in experimental Cu K-edge XAS spectra. 9,26 HERFD methods offer the possibility to resolve these weak peaks and thus have the potential to confirm the predictions made in this work and to make use of the additional electronic structure information encoded in Cu K-edge XAS spectra.
Altogether, the results presented here will allow for the reliable analysis and assignment of experimental Cu K-edge XAS spectra. Therefore, they provide a valuable tool for the investigation catalytic reaction mechanisms (e.g., of SCR in exhaust gas catalysis) by revealing oxidation state and coordination environment of Cu centers.
Computational Methodology
The molecular structures of all considered copper model complexes have been optimized using density-functional theory (DFT) as implemented in the Amsterdam density functional (ADF) program package, 47,48 employing the BP86 exchange-correlation functional 49, 50 and the Slater-type TZ2P basis set. 51 For all Cu(I) complexes, the ground state is a closed-shell singlet spin state. For all Cu(II) complexes, spin-unrestricted calculations were performed for the doublet ground state.
The XAS spectra were calculated with time-dependent density-functional theory (TD-DFT) following the established methodology In the calculations of the XAS spectra, the same exchange-correlation functional as in the geometry optimization and the Slater-type QZ4P basis set were employed. To verify the results and to assess their dependence on the exchange-correlation functional, we also optimized and afterwards calculated XAS spectra of all complexes using the B3LYP hybrid exchange-correlation functional 60 with the same Slater-type basis sets.
All calculations are performed using non-relativistic DFT because the inclusion of relativistic effects only shifts the spectra to other energies but leaves the overall XAS spectra unaffected. For all XAS calculations the COSMO solvation model with default parameters has been used to include a first approximation of environment effects. All XAS spectra calculated with BP86/QZ4P have been shifted by 233.50 eV and all XAS spectra calculated with B3LYP/QZ4P have been shifted by 196.85 eV. These shifts have been chosen such that the maximum of the most intense pre-edge peak of complex A is aligned with the peak at 8983.6 eV in the experimental spectrum measured for the complex in Ref. 25 . To plot the XAS spectra, a Gaussian line broadening with a full-width at half maximum (FWHM) of 1.5 eV was applied throughout.
For Table of Contents Only
The dependence of the pre-edge region in Cu K-edge X-ray adsorption spectroscopy (XAS) on coordination geometry and oxidation state is investigated computationally and characteristic spectroscopic signatures are connected to the underlying electronic structure. For the main preedge features, TD-DFT calculations are in excellent agreement with the available experimental data. In addition, the computations reveal molecular orbital interactions by which the ligands affect the pre-edge spectra, which could potentially be probed in future high-resolution XAS experiments.
